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Dielectric responses of a multi-component plasma are investigated at finite temperature consid-
ering the case of optically generated carriers in a wurtzite GaN. The effective dielectric function
and polarizability functions Πc(q, ω) are determined such that they satisfy the Dyson equations of
the effective interactions among plasma components. The behavior of plasma component-resolved
electronic polarizability functions and the effective dielectric function of the plasma are examined
including the effects of dynamic screening at finite temperature. Spectral analysis of the dielectric
response functions are performed and their dynamic and nonlocal (finite-q) behaviors are explored.
Our result shows that, for a multi-component plasma of high carrier densities, the well-defined optic
plasmonic modes are clearly seen well outside the single particle excitation continuum of lighter
mass electrons and that the additional low frequency acoustic plasmonic branch is located outside
single particle excitation continuum of doubly degenerate heavier mass A-holes. The contribution
of the heavier mass species to dressed Πc(q, ω) is very similar to the case of bare Π
0
c(q, ω).
PACS numbers: 72.20.Ht, 71.38.-k, 61.85.+p
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I. INTRODUCTION
With the use of high power ultra short pulse lasers,
degenerate electron–hole plasmas could be readily
generated in semiconductor materials.1 In these plas-
mas, the carriers are highly excited to occupy the con-
duction and valence bands forming multi-component
carrier system separated in reciprocal space. Trans-
port properties and energy relaxation of the car-
riers strongly depend on the nature of the carrier
screening,2,3 which affects the electrical polarizabil-
ity and dielectric function of the multi-component
plasma.
In the presence of two or three different types of
plasma components, the dielectric screening and in-
dividual energy dissipation behavior become so in-
volved (compared to the case of single-component car-
riers) to be included properly in the model.4 In an
electron-hole plasma, in addition to the well known
optic plasmon-LO phonon coupling of the single-
component plasma such as in doped semiconductors,5
low frequency acoustic collective oscillations also
occur.6,7 Here, we limit our analysis on the finite-
temperature dielectric responses, which are of impor-
tance in the optical and transport responses of many
carrier systems, focusing to the effects of many-body
dynamic carrier screening on the component-resolved
electronic polarizability functions and effective dielec-
tric function of the plasma.
II. DIELECTRIC RESPONSE FUNCTIONS
We consider the case that hot electrons and
holes are generated in the conduction and valence
bands, respectively, by optically pumping the ma-
terial. The carrier-carrier interaction introduces di-
electric screening and, hence, affects various carrier-
phonon coupling channels of the material. In a multi-
component many carrier system (consisting elec-
trons and various holes), we note that the effective
(dressed) interactions V˜ij between carriers of types i
and j are the solutions of the Dyson equation,8
V˜ij = Vij +
∑
`=e,A,B,C
Vi`Π˜``V˜`j ; V˜ij =
Vij
˜
, (1)
where Vij is the bare (lowest order) Coulomb inter-
action vq(≡ 4pie2q2 ) for i = j or −vq for i 6= j, and V˜ij
includes the polarization effects of the medium. Here
carrier indices i and j can be either electrons (denoted
by ‘e’) or holes in the A, B, or C band of the material.
The Dyson equation for dressed Coulomb interactions
V˜ij between conduction electrons and various holes
are illustrated in Fig. 1 in terms of (retarded) proper
polarization functions Π˜`` (or density–density corre-
lation function ~Π˜``) and bare Coulomb interactions
Vij among plasma components.
One can solve the coupled equations represented
by Eq.(1) for V˜ij to obtain the dielectric function ˜ of
the multi-component many carrier system written as
˜(~q, ω) = 1− vq
∑
ν=e,A,B,C
Π˜νν(~q, ω). (2)
Here we note that the proper polarization function
Π˜νν of each plasma component (denoted by ν) con-
tributes to the effective dielectric function of the
(multi-component) plasma.
The (retarded) full polarization function Πνν′(~q, ω)
is the Fourier transform of the (retarded) density-
density (time) correlation function defined by8
~Πνν′(~q, t) = −iθ(t) 1V 〈[nˆ~q,ν(t), nˆ−~q,ν′(0)]〉 , (3)
where θ(t), V, and nˆq,ν(t) are the Heaviside unit step
function, volume of the sample, and the number oper-
ator in the Heisenberg representation of the carriers in
the band ν. The full polarization Πνν′(~q, ω) satisfies
Dyson equation given, in terms of proper counterpart
Π˜νν′(~q, ω), by
9
Πij = Π˜ij +
∑
`m
Π˜i`V`mΠmj , (4)
implying that the full polarization Πνν′ need be de-
termined self-consistently.
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2FIG. 1: Dyson equations for the effective (dressed) interactions V˜ij between carriers of types i and j, where carrier
indices i and j can be either electron, valence band holes in the A-, B-, or C-band of the material.
The real part of the electric conductivity,
Reσνν′(~q, ω;T ), a measure of dissipative processes, is
directly linked to the imaginary part of the retarded
polarization function, ImΠνν′(~q, ω;T ) of the plasma,
in which quanta of wavenumber ~q and frequency ω
are absorbed by the carriers in the plasma. Once the
range of transparency windows for the energy dissipa-
tion is known, it can be utilized to engineer the waveg-
uide characteristics of the material. In this work, Π˜
denotes temperature-dependent proper (‘irreducible’
in the language of Ref.9) polarization function of the
multi-component many carrier system.
In the random phase approximation (RPA), which
is supposed to be valid in the limit of high carrier den-
sities, Π˜νν′ is approximated by the bare (noninteract-
ing) counterpart Π0νν′ , which is given, if evaluated at
a carrier temperature Tch, by
8,11
Π0νν′(~q, ω) = −
2
~
∑
~k
f
(0)
k+q,ν − f (0)k,ν′
ω − (ω(0)k+q,ν − ω(0)k,ν′) + iη
. (5)
The Lindhard-type expression of Eq.(5) is analogous
to the case of spin-resolved expression in a multi-
component spin system.12 The RPA to the dielectric
function is written as13
RPA(~q, ω) = 1− vq
∑
ν=e,A,B,C
Π0νν(~q, ω). (6)
The explicit expression of the lowest order proper po-
larization function Π0νν′(~q, ω) can be written in terms
of its zero-temperature Lindhard function14, and the
real and imaginary parts are given by11,
ReΠ0``(~q, ω;T ) =− g`
∫ ∞
0
dx
F (x, T )
q/kF`
×1
2
[
ln
∣∣∣∣x− ν`−x+ ν`−
∣∣∣∣− ln ∣∣∣∣x− ν`+x+ ν`+
∣∣∣∣] (7)
and
ImΠ0``(~q, ω;T )
= −pig`
[
ω
vF`q
+
kBT
~vF`q
ln
1 + eβ[ν
2
`−εF`−µ`(T )]
1 + eβ[ν
2
`+εF`−µ`(T )]
]
,
(8)
where F (x, T ) = x
eβ[x
2εF`−µ`(T )]+1
, g` =
m`kF`
pi2~2 , kF` =
(3pi2n`)
1/3, and ν`± = ωqvF` ±
q
2kF`
. In Eqs. (7) and
(8), conventional notations are used such as m`, kF`,
vF`, εF`, and µ` denoting effective mass, Fermi wave
number, Fermi velocity, Fermi energy, and chemical
potential, respectively, of a carrier type indicated by
subscript ` (either electrons or holes) and T is the
temperature of the corresponding carriers in quasi-
equilibrium.
For the case of a single-component plasma (scp),
Eq.(6) reduces to

(scp)
RPA (~q, ω) = 1− vqΠ0(~q, ω), (9)
and we have ReΠ(scp)RPA = ReΠ
0−vq|Π0|2
|(scp)RPA |2
and
ImΠ(scp)RPA = ImΠ
0
|(scp)RPA |2
. If we take the static approxi-
mation for screening, RPA(~q, 0) is given, in the long
wave length limit, RPA(~q, 0) = 1 +
q2sc
q2 . Here qsc is
the temperature-dependent Thomas-Fermi screening
wavelength given by q2sc =
4pie2
∞
∑
ν
∂nν
∂µν
, where nν and
µν are, respectively, the particle number density and
quasi chemical potential of the band ν occupied by
electrons and holes. The qsc is a decreasing function
of temperature and qsc ' 3.07kF at 300 K with an
electron concentration of nc = 2 × 1019cm−3. (See
Fig. 2.)
III. CARRIER DENSITIES AND
EFFECTIVE TEMPERATURE OF A
MULTI-COMPONENT PLASMA
Here we consider the case of an ideal GaN in the
wurtzite phase,15–17 where the spin-orbit coupling is
of an order of magnitude smaller than the crystal field
splitting. Then, the higher lying valence (A and B
hole) bands are doubly degenerated in energy under
the influence of the hexagonal crystal field and the top
of the C hole band is located below by ∆ from the top
of the degenerate (A and B hole) bands. The carrier
concentration in each band now satisfies the relation
ne = 2pA + pCΘ(ne − nth). Here ne, pA(≡ pB), and
pC are the carrier concentrations in the conduction
and valence bands, each given by
pA(B) =
∫ ∆+εFA
0
dE gA(E) =
ne +
nth
2 (mC/mA)
3/2
2 + (mC/mA)
3/2
,
(10)
pC =
∫ ∆+εFC
∆
dE gC(E) =
(ne − nth)Θ(ne − nth)
1 + 2 (mA/mC)
3/2
,
(11)
where gA(gC) denotes the density of states for band
A(C), and
nth =
2
3pi2
(
2mA∆
~2
)3/2
. (12)
In Eqs. (10) and (11), nth denotes the electron con-
centration, at which C holes need to appear in the
C hole band at higher levels of the optical pumping
power.
3FIG. 2: Temperature dependence of the Thomas-Fermi screening wavelength qsc of a wurtzite GaN with four different
conduction electron densities of 1− 5× 1019cm−3.
FIG. 3: Relation between carrier temperatures (Te, Tah, and Tch) and the effective temperature Teff of the multi-
component plasma in a wurtzite GaN for ne = 2× 1019cm−3.
Since carrier temperatures for different types of
carriers are not identical, in general, in a multi-
component carrier system, the carrier effective tem-
perature Teff of the sample would be meaningful in
experiments18, where Teff is a measure of the av-
erage kinetic energy per carrier in the sample. In
terms of quasi-equilibrium carrier temperatures Te,
Tah(= Tbh), and Tch, the carrier effective tempera-
ture Teff of the multi-component carriers is written
as
Teff =
Te
2
[
1 +
me
ne
(
2
pA
mA
+
pC
mC
)]
, (13)
where we have noted the energy balance relation of
~ωph = εg + ∆Ee + ∆Eh and ∆Ee/∆Eh = mh/me =
Te/Th. Here ~ωph, εg, ∆Ee, and ∆Eh indicate, re-
spectively, the photon energy of the pumping laser,
band gap of the material, kinetic energies of the
photo-generated electron and the corresponding hole
(h=A or C in our case). In a wurtzite GaN, we esti-
mate nth ∼ 4.4 × 1019cm−3. For the case ne < nth,
ne = 2pA to write Teff =
Te
2
(
1 + memA
)
≈ 712Te '
3.5Tah with mA ' 6me. Figure 3 illustrates the rela-
tion between quasi-equilibrium carrier temperatures
Te of the conduction electrons, TA(B) of the A(B)
holes, and Tch of the C holes as a function of the effec-
tive temperature Teff of the multi-component carriers
in a wurtzite GaN at ne = 2 × 1019cm−3. In this
work, the C hole band is taken to be occupied by the
carriers when ne is larger than the threshold density
nth, so that Tch is finite only for ne > nth.
IV. RESULTS AND DISCUSSION
In illustrating our numerical results of the response
functions for a wurtzite GaN, we have used the effec-
tive masses of me = 0.22m0, mA(B) = 1.30m0, and
mC=0.3m0 for electrons, doubly degenerate A(B)-
holes, and C-holes, respectively,1,19 where m0 is the
mass of a free electron. In GaN, the formation
of hot electron-hole multi-component plasma is ex-
pected for carrier densities larger than the Mott den-
sity of 1018 − 1019cm−3.20
In Fig. 4, real and imaginary parts of the non-
interacting polarization function Π0c(q, ω) defined by
Eq.(5) for electrons (e) and A-holes (ah) are illus-
trated for conduction electrons of 2 × 1019cm−3 at
carrier effective temperature Teff of 300 K. The wave
number and frequency are scaled by the Thomas-
Fermi screening wave number qsc (cf. Fig. 2) and
the longitudinal bare phonon frequency ωLO, respec-
tively. Boundaries of allowed single particle excita-
tions for electrons or holes are designated by a pair
of dashed lines in each figure. Within the continuum
region, electrons (holes) within the Fermi sea can be
excited to states outside the Fermi sea. The zero of
ReΠ0c(q, ω) is indicated by a solid line within the con-
tinuum region of the single particle excitations, and,
4FIG. 4: Real and imaginary parts of noninteracting single-component plasma polarization functions Π0c(q, ω) for the
carrier density of 2 × 1019cm−3 at carrier effective temperature Teff=300 K. (a) and (c): the case of conduction
electrons (c) and (d): the case of A-holes. Pair of dashed lines denotes the region of allowed corresponding single
particle excitations in a wurtzite GaN.
at small q, ReΠ0c(q, ω) changes sign from negative to
positive as ω increases sweeping across the contin-
uum region. (See Fig. 4(a) for ReΠ0e(q, ω) and (b)
for ReΠ0ah(q, ω).) On the other hand, ImΠ0c(q, ω)
is significantly different from zero and negative in
the continuum region for the single particle excita-
tions showing peak structure along the zero line of
ReΠ0c(q, ω) indicated in panels (a) and (c). (See Fig.
4 (b) for ImΠ0e(q, ω) and (d) for ImΠ0ah(q, ω).) This
observation is a direct consequence of the Kramers-
Kronig dispersion relations.11 In the absence of car-
rier screening, the result of Π0c(q, ω) shows clearly
that single particle excitations of free electrons or free
holes are the only process for the energy and momen-
tum dissipation, because the effects of carrier screen-
ing is completely ignored in Π0c(q, ω).
Combining Eqs.(4) and (5), one can write the re-
tarded full polarization, in the RPA, for a carrier of
type `, since Π˜ij = Π
0
ijδij in the RPA, as
18
Π`` = Π
0
``
[
1 +
vqΠ
0
``
1− vq
∑
ν=e,A,B,C Π
0
νν
]
. (14)
We note that, in a multi-component plasma, each
plasma component (indicated by the index ν in the
denominator) contributes to the polarization Π`` of
a given carrier component denoted by `. The de-
nominator on the right hand side of the above ex-
pression is the dielectric function of the plasma in
the RPA defined in Eq.(6). In the RPA, one can ex-
press ReΠ``(~q, ω;T ) and ImΠ``(~q, ω;T ) in terms of
ReΠ0νν of Eq.(7) and ImΠ0νν of Eq.(8), and they are
connected to each other by the Kramers–Kronig re-
lation, the latter (former) being the absorptive part
related directly, for example, to the spectral damp-
ing behavior (dispersion relation) of collective oscil-
lations of the system. In a single-component plasma,
the dressed polarization function Eq.(14) reduces to
Π
(scp)
`` = Π
0
``/(1− vqΠ0νν) ≡ Π0``/(scp)RPA ,
where 
(scp)
RPA is defined by Eq.(9). Figure 5 illus-
trates the real and imaginary parts of dressed single-
component plasma polarization functions Πscpc (q, ω)
at Teff=300 K in a wurtzite GaN for the carrier
density of 2 × 1019cm−3. The cases for conduction
electrons plasma are shown in panels (a) and (b),
and the cases of A-holes in (c) and (d), where the
contributions from the conventional optic plasmon-
LO phonon coupling as in doped semiconductors are
shown.5 We observe that dynamic screening intro-
duces drastic changes to the bare polarization func-
tions (shown in Fig. 4) giving rise to additional en-
ergy dissipation channel of (optical) plasmonic col-
lective excitations along with that of single particle
excitation continuum indicated by a pair of dashed
lines.
In a multi-component plasma in semiconductor ma-
terials, the dynamic screening of carriers introduces
totally modified behavior in the dielectric reponse
functions of the plasma through dielectric polariza-
tions. At the carrier densities of ne < nth and,
hence, the B-hole band being empty in a wurtzite
GaN, we assume that the photo-generated electrons
5FIG. 5: Real and imaginary parts of dressed single-component plasma polarization functions Πscpc (q, ω) for the carrier
density of 2× 1019cm−3 at carrier effective temperature Teff=300 K. (a) and (b): the case of conduction electrons, (c)
and (d): the case of A-holes. Pair of dashed lines denotes the region of allowed corresponding single particle excitations
for carriers in a wurtzite GaN.
and holes occupy the conduction and the A-hole va-
lence bands with effective mass me = 0.22m0 and
mA = 1.3m0, respectively. Since the ratio of effec-
tive masses for the electrons and the holes are much
different from the unity, the present electron-hole
plasma can be treated as a two-component plasma.
In the case of two-component plasma of different ef-
fective masses, we expect the presence of multiple
branches of modes, unlike the single branch typically
observed in the single-component plasma of doped
semiconductors,7. The spectral behavior of the car-
rier polarization functions Πc(q, ω), in the presence of
dynamic carrier screening, are illustrated in Fig. 6 at
Teff = 300K for ne = 2×1019cm−3 in a wurtzite GaN.
Pairs of dashed and dotted lines denote the allowed
regions of single particle excitations for electrons and
A-holes, respectively. The spectral behavior is drasti-
cally modified from that of noninteracting case shown
in Fig. 4 or the case of dressed single-component
plasma shown in Fig. 5. In addition to the contribu-
tion from the conventional optic plasmon-LO phonon
coupling of the single-component plasma such as in
doped semiconductors,5 the contribution from the low
frequency acoustic collective oscillations occurs,6 as
is illustrated in the panels (a) and (c) of Fig. 6 for
ReΠe(q, ω) and ImΠe(q, ω). The effects of the high
frequency optic modes are clearly seen in ReΠe(q, ω)
and ImΠe(q, ω) occurring at frequencies higher than
that of the bare LO phonons well outside the sin-
gle particle excitation continuum. The low frequency
acoustic plasmon branch is more broadened compared
to the optic one, but is located outside the continuum
of single particle excitations for A-holes.The contri-
bution of the heavier mass species (A-holes in the
present work) to dressed Πc(q, ω) [panels (b) and (d)
of Fig. 6] is very similar to the case of bare polariza-
tion functions Π0c(q, ω) represented by Eq.(5) and il-
lustrated in Fig. 4. The spectral behavior of Πc(q, ω)
illustrated in Fig. 6 reveal the multi-component band
character of the high frequency optic and low fre-
quency acoustic branches. Boundaries of a pair of sin-
gle particle continua for electrons and A-holes are in-
dicated with steeper dashed (for electrons) and slower
dotted (for A-holes) lines, respectively, and branches
of the optical and acoustical plasmon excitations are
clearly distinguished in strong color intensities. The
mode of acoustic collective oscillation is expected
to be Landau damped due to single particle excita-
tions of the faster electrons, since they are located
within the single particle excitation continuum of the
lighter carriers. [See Fig.7(a).] Insets illustrate cross-
sectional view of the spectral behavior at q = 0.1 and
0.19 qsc, where qsc = 2.58× 107cm−1 is the Thomas-
Fermi screening wave number at Teff = 300K.
In Fig. 7(a) and (b), dispersive behaviors of the
real and imaginary part of effective dielectric function
RPA(q, ω) of Eq.(6) for a wurtzite GaN with conduc-
tion electrons of 2 × 1019cm−3 are shown for carrier
effective temperature 300 K, respectively. Each in-
set illustrates the frequency dependence of RPA(q, ω)
for representative wave numbers. The zero value con-
tours of Re (q, ω) are indicated with dark solid lines,
each denotes the dispersion curves of plasma oscilla-
tion modes. Panels (c) and (d) show Re scp(q, ω)
6FIG. 6: Real and imaginary parts of dressed polarization functions Πc(q, ω) for conduction electrons [panels (a) and
(c)] and A-holes [panels (b) and (d)] at electron concentration of 2× 1019cm−3 and carrier effective temperature 300
K. Insets illustrate cross-sectional view of the spectral behavior at q = 0.1 and 0.19 qsc, where qsc = 2.58 × 107cm−1
at 300 K. Pairs of dashed and dotted lines denote the allowed regions of single particle excitations for electrons and
A-holes, respectively, in a wurtzite GaN.
given by Eq.(9) for the case of a single-component
plasma consisting of either electrons or A-holes, re-
spectively. Insets show Im scp(q, ω), respectively.
Pairs of dashed and dotted lines denote the bound-
aries of allowed single particle excitation continua for
electrons and A-holes in a wurtzite GaN. In the region
of high frequency and long wavelength, Im Π(q, ω)
vanishes and hence Im (q, ω) = 0, allowing self-
sustaining collective oscillations with no dissipation.
In Fig. 7(a), we find that a pair of collective modes
are observed in the multi-component plasma, and
that ‘optical’ and ‘acoustic’ plasma modes are well
separated within the RPA, each damped through sin-
gle particle excitations of electrons and holes, respec-
tively. We note that, in panel (c), the bare car-
rier plasmon modes of frequencies Ωe ' 152 meV =
1.66ωLO and ΩA ' 46 meV = 0.5ωLO are well defined,
but pushed apart from each other under the effect of
dynamic screening in a multi-component plasma. [See
Fig. 7(a).]
In Fig. 8(a)-(c), dispersive behaviors of the dressed
dielectric response function |(q, ω)|−2 of a wurtzite
GaN with conduction electrons of 2 × 1019cm−3 are
shown for three different carrier effective tempera-
tures 25 K (a), 300 K (b), and 1000 K (c), re-
spectively. Here the wave number is scaled by the
Thomas-Fermi screening wave number qsc at the cor-
responding temperature, qsc = 1.73, 2.58, and 2.97 ×
107cm−1 at 1000, 300, and 25 K, respectively, each
being qsc ' 2.06, 3.07, and 3.53kF with an electron
concentration of nc = 2×1019cm−3. We observe that
the effect of thermal broadening (temperature effect)
on the response functions, especially on the damping
of the collective modes, is much enhanced at higher
temperatures. Pairs of dashed and dotted lines de-
note the corresponding regions of allowed single par-
ticle excitation continuum for electrons and A-holes
in a wurtzite GaN. In Fig. 8 (d) we illustrate the
nonlocal (finite q) behavior, i.e. cross sesctional view
of |(q, ω)|−2 at 300 K for several different values of
inelastic frequency exchanges of ω = 0.01− 2.5 ωLO.
For small frequency exchanges during carrier-carrier
scattering, we note that the nonlocal, finite-q, effect of
the screening is reduces to the case of Thomas-Fermi
screening limit as is denoted by a monotonically in-
creasing solid line for ω = 0.01 ωLO in panel (c).
V. SUMMARY AND CONCLUSION
In this paper, the finite-temperature behavior of di-
electric response functions of a multi-component hot
carrier plasma is discussed. The effective dielectric
function and polarizability functions are evaluated,
employing random phase approximation, including
the effects of dynamic screening at finite tempera-
ture. Spectral analyses of the carrier dielectric re-
sponse functions are performed and their dynamic
and nonlocal behaviors are studied. Our result, at
high carrier densities such as of ne ∼ 2 × 1019cm−3,
shows that the well-defined optic plasmonic modes
are clearly seen at frequencies higher than that of the
LO phonons well outside the single particle excitation
7FIG. 7: Dispersive behavior of effective dielectric functions RPA(q, ω) of a wurtzite GaN with conduction electron
density of 2 × 1019cm−3 at carrier effective temperature at 300 K: (a) Re (q, ω) and (b) Im (q, ω) for a multi-
component plasma. Insets illustrate the frequency dependence of RPA(q, ω) for representative wave numbers. (c)
e(q, ω) and (d) ah(q, ω) for a single-component plasma consisting of either electrons or A-holes, respectively. Insets
show Im e(ah)(q, ω), respectively. Pairs of dashed lines denote the corresponding regions of allowed single particle
excitation continuum for electrons and A-holes in a wurtzite GaN.
continuum and the additional low frequency acoustic
plasmonic branch is located outside single particle ex-
citations of heavier A-holes. The contribution of the
heavier mass species to dressed Πc(q, ω) is very simi-
lar to the case of bare polarization functions Π0c(q, ω).
For small frequency exchanges during carrier-carrier
scattering, the nonlocal, finite-q, effect of the screen-
ing is reduced to the case of Thomas-Fermi screening
limit.
Finite-temperature behavior of multi-component
solid-state plasma described here would be confirmed
with such measurements of various photo-generated
hot carrier spectroscopies as in wide band gap semi-
conductor materials. The dielectric screening behav-
ior introduced by carrier-carrier interaction would be
utilized to investigation of the roles of various carrier-
phonon coupling channels in the multi-component
plasma material such as of polar and nonpolar optical
phonons, acoustic deformation-potential and piezo-
electrical Coulomb couplings. Since the real part of
the electric conductivity, a measure of dissipative pro-
cesses, of the material is directly linked to the imag-
inary part of the retarded polarization function, our
results can also be utilized to engineer the waveguide
characteristics and plasmonics of the material. The
results we are presenting is suitable to experimen-
tal observation, and we hope that the present results
could be verified, for example, by femtosecond optical
measurements.
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